We present new non-linear data in extension and two different shear histories. These data are used to compare the effectiveness of using exponential shear data and uniaxial extension data to characterise the non-linear response of an industrial LDPE melt with the pom-pom molecular model. We conclude that extension and exponential shear both allow good predictions to be made in simple shear. However, the characterisation spectrum obtained from exponential shear data fails to predict the correct degree of strain hardening at low extension rates. From this study we are able to suggest circumstances under which exponential shear provides a useful characterisation of branched polymer melts. 
INTRODUCTION
Flows that are capable of producing large amounts of chain stretch in polymer fluids are ubiquitous in melt processing and are also important from both an experimental and theoretical point of view. They provide a challenging test for any theory in the non-linear regime. In addition, such stretching flows that test "melt strength" are sensitive to molecular detail which is essential when characterising a material from its nonlinear response. Conversely, a practical measure characterising the extensional behaviour of a melt is needed by producers and processors alike. It is hoped that non-linear rheology will eventually become a sensitive probe of molecular structure and weight distribution. For an example of work in this area see Wood-Adams [1] . Many molecularly based constitutive equations model polymer molecules as Hookean springs. If embedded points in the flow separate exponentially as a function of time then this is sufficient to produce stretch in a linear spring model. Both uniaxial and planar extension flows have this property. However, the necessary equipment to produce such measurements is not widely available in comparison to shear rheometers. Exponential shear, in which the shear rate varies in the following way, (1) also shares this property of exponential separation, but may be generated in a shear rheometer. The parameter a is the characteristic shear growth rate of the flow. Motivated by these facts there have been numerous experimental and theoretical comparisons of exponential shear and extensional flows [2] [3] [4] [5] [6] [7] . Current debate centres around a suitable choice of material function (see for example Ref. [5] ) and to what degree the flow is capable of producing chain stretching, cf. Refs. [6, 7] . Chain stretching predictions in shear are sensitive to the precise asymptotic behaviour of the model in question at large strains. This explains the differing conclusions of Neergard et al. [6] and Graham et al. [7] .
In this paper we focus on the usefulness of exponential shear as a method of characterisation of industrial melts. Inkson et al. [8] presented a robust method for characterising the non-linear response of randomly branched melts. The method uses a multimode generalisation of the "pom-pom" theory of McLeish and Larson [9] which is itself a generalisation of the Doi and Edwards [10] tube theory. Molecular parameters are obtained by fitting to uniaxial extension measurements and the production of large amounts of chain stretch by this flow iṡ 
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Applied Rheology Volume 13 · Issue 1 essential to the approach. The characterisation adds to the linear relaxation spectrum another spectrum of stretch parameters. Following this characterisation, successful predictions of nonlinear flows in both simple and complex geometries have been made by Inkson et al. [8] , Blackwell et al. [11] , and Lee et al. [12] . It would be advantageous to be able to use exponential shear as an alternative characterising measurement, making the approach more widely accessible. Graham et al. [7] have evaluated the effectiveness of this idea. In this paper we will apply their ideas to a new set of measurements of an LDPE melt. We asses the predictive capabilities of the model when exponential shear is used as the characterising flow as an alternative to uniaxial extension. The usefulness of non-linear spectra obtained from both characterising flows in predicting non-linear simple shear rheology is compared.
EXPERIMENTAL
All our tests were performed on a low-density polyethylene melt (Lupolen 1810H, BASF, Germany). This is the same polymer as that used by Venerus [5] but from a different batch. Linear viscoelastic and exponential shear measurements were carried out on a Rheometrics RDAII controlled strain rheometer. Simple shear measurements were conducted on a Rheometrics ARES rheometer. The extensional measurements were performed on a Rheometrics RME extensional rheometer. Linear viscoelastic measurements were performed with a 25 mm parallel plate geometry and a gap of 1.5 mm at several temperatures. The resulting frequency sweeps were time-temperature shifted to 150˚C to obtain a master curve (Fig. 1) . The solid lines in Fig. 1 are a fit to the experimental data using the relaxation spectrum in Table 2 . Simple shear experiments were carried out at 150˚C using a 25 mm, 5˚ cone and plate geometry. Exponential shear was performed at 150˚C and was achieved with the arbitrary wave test using a 25 mm, 2˚ cone and plate geometry. With this geometry a maximum strain of about 28 units was possible. Extensional measurements were performed on a 1.5 mm thick, 7 mm wide and 7 cm long rectangular samples at 150˚C. The actual strain rates were measured by noting the variation of the sample width with time. Table 2 .
THEORY
In this section we briefly review the pom-pom model and its multimode generalisation. The original model of McLeish and Larson [9] makes predictions for the linear and non-linear rheology of a class of branched polymer shapes known as pom-poms, in the entangled regime. A pompom molecule comprises two q armed stars joined by a backbone section. An essential feature of this topology is the presence of the backbone segment which has no free ends. These pinned backbones are more readily stretched by convection than those with free ends and so they dominate the non-linear rheology. The model was later refined by Blackwell et al. [11] and we will use this modification throughout the paper. The response of the molecule to the imposed deformation, k, is described by two dynamical quantities: the orientation tensor, S, and the backbone stretch, l, which is expressed as the ratio of the backbone length to its equilibrium value. The dynamics of these quantities are described by ordinary differential equations and the relaxation of each of these processes has separate timescales, t b and t s respectively (see Tab. 1). A force balance at the branch points reveals that the backbone stretch ratio can never exceed the number of arms, q. Significantly, a large degree of backbone stretch is required to observe the influence of the parameter q.
In the multimode method of Inkson et al. [8] a randomly branched melt is modelled as a hypothetical blend of pom-pom modes. Fig. 2 shows how each mode corresponds to a particular branched section of the overall melt. Although this approach is highly approximate in that it decouples the response of different segments in a molecule, it is motivated by the capturing of the essential physics of long chain branched melts by the pom-pom model. Each mode is assigned four pom-pom parameters, G, t b , t s and q and the equations in Tab. 1 are solved independently. The overall stress is then calculated by summing the contribution from the individual modes. The number of modes is the same as the linear spectrum obtained by fitting to linear oscillatory shear data. Thus the G i and t bi are the components of the linear spectrum. However, t si and q i are obtained by fitting to a non-linear flow. It is particularly important that the flow causes a large amount of molecular stretch when determining each q value.
Graham et al. [7] demonstrated that, although exponential shear is less effective than extension in specifying the non-linear parameters of a melt, the flow can still be used to obtain useful information. They derived a condition based on the linear spectrum of a melt to estimate which modes can be obtained from exponential shear. This condition is hence the quantity t bi G i , which is the contribution to the viscosity of mode i, must be greater than its sum over all faster relaxing modes. Typically, it is the slow relaxing, high molecular weight tail of the melt that fails this condition. This is not because exponential shear fails to stretch these modes but because their stress contribution is screened by the linear response of the surrounding material. As a consequence non-linear spectra obtained from exponential shear data tend to produce poor predictions at very low extension rates which are particularly sensitive to the high molecular weight tail of the melt.
RESULTS
The approach of Graham et al. [7] was applied to the low-density polyethylene melt 1810H. Furthermore we test the fitted spectra against our simple shear data in addition to extension and exponential shear. We obtained two non-linear spectra for the melt, the first using only our exponential shear data and the second by fitting only to our uniaxial extension data. In each case it was possible to produce good agreement with the characterising flow over all of the available deformation rates. The two spectra are shown in Tab. 2.
Both non-linear spectra were then used to make predictions for our remaining data with no further parameter fitting. Thus spectrum I was used to predict the uniaxial extension and simple shear data (Fig. 3) and spectrum II was used to predict the simple and exponential shear data (Fig. 4) . Both approaches produce good agreement with the simple shear data. The predicted overshoots are accurate for spectrum I except at the highest rates where there is slight over prediction, indicating that the stretch times are little too high for this spectrum. However, the predicted steady state values are good at all rates for both spectra. Thus we experimentally confirm the suggestion of Graham et al. [7] that spectra obtained from exponential data should be effective at predicting shear dominated flows. The agreement at steady state is aided by the fact that the pom-pom model predicts modest amounts of steady state stretch in simple shear even for rapid deformations. Figure 3 illustrates both the strength and weaknesses of the approach. The method allows reasonable quantitative predictions of extensional viscosity at high extension rates to be obtained only from a knowledge of exponential shear measurements. However, for lower rates it becomes increasingly difficult to pick out the necessary parameters and to distinguish the separate influence of t s and q. Note that at e · = 0.1 s -1 the prediction of the onset of strain hardening is good but the predicted plateau value is incorrect. At the slowest rates exponential shear is too insensitive to the necessary molecular details to model extensional flows. Figure 4 demonstrates that fitting to extensional data is a more reliable approach, if such data are available. It shows good agreement across all measured rates for exponential and simple shear. This spectrum simultaneously agrees with all of our measured data. The apparent upturn in shear viscosity seen in the exponential shear data in Fig. 4 is not the same as the well known strain hardening of branched polymer melts under extension. With our choice of
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Applied Rheology Volume 13 · Issue 1 material function (h(t) = s xy (t)/a) even a Newtonian fluid would show an unbounded rise in viscosity [2] . The function h(t) = s xy (t)/g · (t) has been used as an alternative, however, in this case a Hookean solid would not strain harden. This illustrates the ambiguity in selecting a material function for exponential shear. It should be noted that our conclusions are not affected by the choice of material function since the success of the fitting procedure depends upon the relative stress contribution of the modes at each strain rate and this is unaffected by the choice of material function. Since many of the difficulties in obtaining a non-linear characterisation through shear rheology are due to the screening effect of faster modes in linear response it is natural to ask whether the first normal stress difference in simple shear is a helpful measurement. Due to the limited chain stretch in simple shear, the measurement will not reveal q values effectively, however, it may be more sensitive to the stretch time t s . To test this we plotted first normal stress difference measurements for spectra I and II for a range of typical experimental shear rates in Fig.  5a . The transient predictions from the two spectra have only minor variations, indicating that this measurement is not strongly dependent on the high molecular weight tail of the melt. In Fig.  5b we compare experimental normal stress data under simple shear for melt 1810H obtained by Kraft [13] with model predictions using a non-linear spectrum obtained by Graham et al. [7] . This is the same melt 1810H batch as measured by Hachmann [14] and Venerus [5] . The comparison shows reasonable agreement across all rates except for the highest rate where the model overpredicts the steady state value. This overprediction is due to the non-stretching modes, suggesting that the discrepancy is not due to an incorrect non-linear spectrum, but rather that it is caused by the physical approximation that the intra-molecular sections are decoupled which is made in the multimode generalisation of the pom-pom model. With regard to exponential shear flow the only published measurements of first normal stress difference are by Venerus [5] . Graham et al. [7] demonstrated poor agreement between these data and the multimode pompom. Thus we conclude that normal stress data in shear are not significantly more helpful than shear stress data in obtaining a non-linear characterisation and we note that normal stress measurements present considerable experimental difficulties, particularly for exponential shear.
COMPARISON OF MELT SPECTRA
In this section we contrast the linear and non-linear pom-pom spectra of three similar LDPE melts. We compare melt 1 as measured by Meissner [15] , the melt 1810H batch used by Hachmann [14] and the melt 1810H batch used in this work. All nonlinear spectra include the drag-strain coupling refinement [11] . Figure 6 shows the linear viscosity contribution against relaxation time for each of the LDPE melts and demonstrates that the melts have only subtle variations in linear response. Note that modes to the right of the viscosity peak will fail the condition of Eq. 2 and consequently cannot be probed by exponential shear. Figure 7 shows the degree of branching, q i , [13] (shapes) and model predictions using spectrum obtained by Graham et al. [7] (lines).
against mode relaxation time. For each melt the spectrum obtained from extensional rheology is shown since this is the most complete. This plot reveals the superiority of non-linear rheology over linear oscillatory shear in probing molecular detail. Both batches of melt 1810H have noticeably enhanced degrees of branching relative to melt 1 despite having almost identical linear behaviour. The pom-pom fitting also exposes variations in degree of branching between the two melt 1810H batches. Earlier constitutive equations have had some success in fitting non-linear melt rheology using a multimode approach (for example see Bird et al. [16] for a comparison between LDPE melt rheology and an eight mode Giesekus model) but, for these models, the link between fitting parameters and molecular structure is unclear. Figure 7 demonstrates the ability of the pom-pom model to relate rheological data to molecular structure. It should be noted that, due to the intra-molecular decoupling approximation of the multimode pom-pom model, these values do not represent absolute degrees of branching. However, the physics of the pom-pom model makes clear the link between branching structure and rheological response and this connection is retained in the multimode pom-pom model. For a detailed discussion of the link between molecular branching and multimode pom-pom parameters see Blackwell [17] .
CONCLUSIONS
We have independently fitted the exponential shear and extensional data and shown that spectra obtained from either approach will capture the behaviour of strongly non-linear, shear dominated flows and rapid extensional flows, thus confirming experimentally the suggestion of Graham et al. [7] . Fitting to the extensional data can predict the slow modes better than the exponential shear as suggested by Graham et al. [7] . However these slow modes make a significant contribution to mechanical stresses only under very specific flow conditions, namely at large strains under slow extension. Many complex geometries will not probe this region of the model's constitutive behaviour and in this case a spectrum obtained only from exponential shear data will be sufficient to model such a flow. For examples of such computation with differential constitutive equations in complex geometries see Peters et al. [18] and Lee et al. [12] . We also conclude that normal stress measurements in shear provide insufficient characterisation information above that obtainable from shear stress data to justify the considerable experimental effort required to obtain these data. Finally, we have demonstrated the usefulness of the pompom model, in combination with non-linear rheological data, to obtain information about molecular structure that is not available from linear rheology alone. 
